Many phytopathogenic fungi form appressoria on some artificial substances. However, it is difficult to induce appressorium-mediated penetration into artificial substances. In the present study, novel artificial agar media were developed to investigate the in vitro penetration process of phytopathogenic fungi. The media contained sodium carboxymethyl cellulose or sodium alginate, and the surfaces were subjected to ionic cross-linking using trivalent metal ions. The hemibiotrophic phytopathogenic fungi, rice blast fungus and cucurbit anthracnose fungus, formed appressoria and penetrated into the surface cross-linked artificial agar media from the base of appressoria. These artificial media appeared to induce fungal infection behaviour that occurred on host plants.
INTRODUCTION
Many phytopathogenic fungi differentiate specialized infection structures when they infect their host plants. Conidia of hemibiotrophic fungi generate germination tubes and form appressoria, which attach to the surface of the host and are often hardened by melanization (Howard and Ferrari 1989; Heath et al. 1990; de Jong et al. 1997; Kubo and Takano 2013) . The fungi then penetrate into plant epidermal cells from the base of the appressoria and form infection hyphae. Infection hyphae are often swollen like haustoria in living host cells. Compatibility or incompatibility is decided during infection structure formation. Therefore, the formation of infection structures is the most essential stage to assess the interaction between phytopathogenic fungi and their host plants and to control such fungal pathogens (Dean et al. 2005; O'Connell et al. 2012) .
In vitro infection models of phytopathogenic fungi have been needed in order to evaluate the infection behaviour free from the reactions of host plants. Appressoria can be formed not only on host surfaces but also on many artificial materials, such as glass, plastics and cellophane membrane (Bourett and Howard 1990 ; Lee and Dean 1994; Xiao et al. 1994; Deising, Werner and Wernitz 2000) . Therefore, conditions of formation, gene expression, protein expression and substance secretion during appressoria development have been targeted in investigations of interactions (de Jong et al. 1997; Veneault-Fourrey et al. 2006; Wilson and Talbot 2009; Soanes et al. 2012; Franck et al. 2013) . In addition, appressoria formation on artificial materials has been used in fungicide assays (Yoon et al. 2011) . However, the known artificial materials on which appressoria form may be too hard for appressorium-mediated penetration by fungi. Thus, onion epidermal layer cells or cellophane membranes have been used to induce infection hyphae formation (Kankanala, Czymmek and Valent 2007; Khang et al. 2010; Tanaka et al. 2011; Kleemann et al. 2012; Oliveira-Garcia and Deising 2013) . Furthermore, appressorium-mediated penetration into dried agar media has been previously reported (Bourett and Howard 1990; Xiao et al. 1994) . However, these materials are unsuitable for further investigation of interactions, because it is difficult to control the contents and fungal growth on them is limited.
Many studies have shown that surface hydrophobicity induces spore germination and appressoria formation (Xiao et al. 1994) . The author thus hypothesized that if the surface of agar medium is hydrophobized, appressoria formation and subsequent infection hyphae formation can be induced. In the present study, the author attempted to make the surface of an agar medium hydrophobic by chemical treatment. To achieve this goal, methods of synthesizing iron cross-linked alginate films were applied because of their surface hydrophobic property (Machida-Sano, Matsuda and Namiki 2009). Two ascomycetous hemibiotrophic phytopathogenic fungi, rice blast fungus Magnaporthe oryzae (or Pyricularia oryzae) and cucurbit anthracnose fungus Colletotrichum orbiculare, were used for in vitro infection tests, because these fungi are commonly used for studying fungusplant interactions (Deising, Werner and Wernitz 2000; Takahara, Endl and O'Connell 2011; O'Connell et al. 2012) .
MATERIALS AND METHODS

Surface-cross-linked (SCL) media
The best way to prepare SCL media is described here in detail. Other reagents were used or other treatments were performed when other types of media were prepared. First, 2% (w/v) Na-CMC (Nacalai Tesque, Kyoto, Japan) in aqueous solution was prepared. To avoid clumping, Na-CMC was added slowly to 60
• C distilled water in a beaker with stirring by a magnetic stirrer. Stirring was continued until the material was thoroughly dissolved. This 2% Na-CMC aqueous solution can be stored at −20 • C, and freezing or thawing does not affect the results. Second, 0.5% (w/w) agar powder (Wako, Saitama, Japan) was added to the 2% Na-CMC aqueous solution with stirring and heated in a microwave oven until the agar was melted. If nutrient salts were added, a defined amount of Murashige and Skoog salts (Wako) was added slowly to the stirred solution. The solution was left for a few minutes until air bubbles dissipated. To inhibit bacterial contamination, a solution of chloramphenicol in ethanol was then added to the solution to make a final concentration of 100 μg mL −1 (w/v). The solution was poured into sterile 9-cm plastic Petri dishes (10-15 g in each plate), left for a few minutes at 60 • C to reduce air bubbles and then allowed to solidify at room temperature. Third, ionic cross-linking treatments were performed on the surface of the media using trivalent cations. A 0.1 M FeCl 3 solution was freshly prepared by dissolving ferric chloride hexahydrate (FeCl 3 ·6H 2 O) in distilled water. A 5-mL aliquot of the 0.1 M FeCl 3 solution was poured onto the solid medium, followed by incubation at room temperature for 10 min with gentle shaking. After the treatment, the FeCl 3 solution was rinsed off a few times with distilled water and washed for 10-15 min in distilled water to remove excess cations. This treatment made the medium surface hydrophobic. The plate was then tilted to remove excess water and the surface was gently air-dried. This medium can be stored at 4 • C. Following the above steps, other types of media were prepared. For example, the concentrations of Na-CMC or agar were altered or a solution of Na-ALG (500-600 cps; Funakoshi, Tokyo, Japan) was used instead of Na-CMC. Hydrophobic treatments were applied with different concentrations of FeCl 3 or for different times. AlCl 3 , MgCl 2 , CaCl 2 and KCl solutions were also used instead of FeCl 3 . All metallic chlorides were purchased from Nacalai Tesque.
Fungi and inoculation
Isolates of M. oryzae Hoku-1 and C. orbiculare 104T were used for this study. These fungal isolates have been well studied. Conidia of M. oryzae were produced on oatmeal medium for approximately 4 days after aerial hyphae were brushed with water (Koga et al. 2004) . The plates were inoculated under fluorescent light at 25
• C. Conidia of C. orbiculare were produced on PDA medium (Nissui, Tokyo, Japan) under dark conditions at 25
• C for approximately 5 days after inoculation. Mature conidia were obtained when distilled water was poured into the fungal plates.
To remove nutrients, the conidial suspension of each fungus was purified by centrifugation and resuspended in distilled water. To observe the in vivo infection structures, onion epidermal strips that were autoclaved in excess distilled water were prepared before inoculation. Conidial suspensions were inoculated on the surface of SCL medium and onion epidermal strips. They were incubated in the dark at 25
• C. The number of appressoria was recorded 48 h after inoculation as the appressorium formation rate. To calculate the statistical significances of the differences between the optimum medium (2% Na-CMC in 0.5% agar treated with 0.1 M FeCl 3 for 10 min) and other media, a one-sided Fisher's exact tests were conducted using R software (R 3.1.1 for Mac OS X: A Language and Environment for Statistical Computing; http://www.R-project.org/). The total numbers of appressoria and of conidia that did not form appressoria on the SCL media were used to calculate.
Observation of fungal development
Fungal development was observed with an inverted microscope (CKX41; Olympus, Tokyo, Japan). When appressorium formation rates were determined, part of the SCL medium was mounted on a glass slide and stained with lactophenol cotton blue. The slides were then covered with cover slips and examined under a light microscope (E-800; Nikon, Tokyo, Japan). To observe sections, part of the SCL medium was fixed with FAA (4% formaldehyde, 5% glacial acetic acid and 45% ethanol, v/v), dehydrated through an ethanol series and t-butanol and embedded in paraffin (Paraplast Plus; Monoject Scientific, MO, USA). Cross-sections were cut with a microtome (RM2125RT; Leica, Germany). The sections were mounted and dried on glass slides (MAS-GP; Matsunami Glass, Osaka, Japan). To observe fluorescence, the slides were cleared by Lemosol (Wako), hydrated through an ethanol series and triply stained with FITC-WGA (Vector Laboratories, CA, USA), Rhodamine-ConA (Vector Laboratories) and DAPI (Vector Laboratories). Epifluorescence images were acquired with a microscope (E-800; Nikon) equipped with a standard Hg Lamp and filter set. All images were captured with a digital camera (Micropublisher 5.0 RTV; Q-imaging, Burnaby, Canada). The images were adjusted for overall. Differently focused images were combined into one image (Fig. 3a) using Keynote ver. 6.2.2 (Apple, CA, USA). The images were not manipulated in any other way.
RESULTS
Agar media mixed with sodium carboxymethyl cellulose (Na-CMC) or sodium alginate (Na-ALG) were treated with an aqueous solution of KCl, MgCl 2 , CaCl 2 , FeCl 3 or AlCl 3 . As stated below, b Mean and their standard deviations are expressed. All tests were repeated three times. NG (Not germinated). c Significant differences vs. optimum condition (in bold face) are indicated, * * * (P < 0.001), * * (P < 0.01), NS (Not Significant). P values were calculated by a one-sided Fisher's exact test.
tested fungi formed infection structures only on media treated with an aqueous solution of FeCl 3 or AlCl 3 (Tables 1 and 2 ; Figs 1 and 2). Here, the media are named as SCL media. On the media treated with KCl, MgCl 2 or CaCl 2 , the fungi grew vegetatively just like on commonly used agar media. It was observed that 2% Na-CMC or 2% Na-ALG in 0.5% agar treated with 0.1 M FeCl 3 solution for 10 min was optimum for appressorium formation (Tables 1 and 2 ). Under the optimum conditions, almost all germinated conidia formed appressoria. Appressoria were formed following treatment of the same medium with AlCl 3 instead of FeCl 3 . However, AlCl 3 -treated media were too cloudy to observe. In addition, dense polysaccharide containing media (4% Na-CMC and 4% Na-ALG) are too viscous and bubbly to use. Furthermore, the medium containing 0.5% agar was significantly better than that containing 1 or 1.5% agar on appressoria formation (Table 1) . The rice blast fungus formed infection structures on the SCL media (Fig. 1) . Conidial suspensions of M. oryzae Hoku-1 isolate were inoculated on the SCL media and incubated at 25
• C in the dark.
The conidia germinated and formed dome-shaped melanized appressoria on the optimum SCL media and penetrated into the media (Fig. 1a, b and m) . However, on an inadequately treated SCL medium (e.g. 1% Na-CMC in 0.5% agar treated with 0.1 M FeCl 3 for 1 min), the conidia germinated and grew vegetatively as seen on commonly used agar media (Fig. 1n) . On excessively treated SCL medium (e.g. 2% NA-CMC in 0.5% agar treated with 0.5M FeCl 3 for 10 min), the conidia did not germinate. The rates of appressoria formation varied among the media-synthetic conditions and are described in Table 1 . When the optimum SCL medium (2% Na-CMC in 0.5% agar treated with 0.1 M FeCl 3 for 10 min) was used, appressoria were formed about the same time as under natural conditions; melanized appressoria were observed 10 h after inoculation. The penetration hyphae formation rate (%) in the melanized appressoria on the optimum SCL medium was 77.8 ± 6.4 (n = 146, mean of three replicates and its standard deviation). The fungi penetrated into the media from the base of the appressoria and formed swollen hyphae (Fig. 1a, b and d) . Penetration pegs were also observed just beneath the appressoria (Fig. 1d) . The in vitro appressorium and penetration hypha resemble in vivo ones on onion epidermal strip (Fig. 1c) . Fluorescent staining showed that the penetration hyphae had nuclei and that the cell wall contained mannan and chitin ( Fig. 1e-l) , similar to the infection hyphae in host cells (Fujikawa et al. 2009 ). The cucurbit anthracnose fungus also formed infection structures on the SCL media (Fig. 2) . Conidial suspensions of C. orbiculare 104T isolate were also inoculated on the SCL media and incubated at 25
• C in the dark. On this optimum SCL medium, the conidia germinated and formed melanized appressoria and penetrated into the media from the base of the appressoria and formed penetration hyphae (Fig. 2a, b and l) . The appressoria were oblong, in contrast to natural appressoria. On an inadequately treated SCL medium (e. g. 1% Na-CMC in 0.5% agar treated with 0.1 M FeCl 3 for 1 min), the conidia germinated and formed abnormal elongated appressoria (Fig. 2m) . On excessively treated SCL medium (e.g. 2% NA-CMC in 0.5% agar treated with 0.5 M FeCl 3 for 10 min), the conidia did not germinate. The rates of appressorium formation varied among the mediasynthetic conditions and are described in Table 2 . As a result, the medium containing 2% Na-CMC in 0.5% agar treated with 0.1 M FeCl 3 for 10 min is regarded as the optimum SCL medium. The penetration hyphae were observed 24 h after inoculation on the SCL medium. The penetration hyphae formation rate (%) in the melanized appressoria on the optimum SCL medium was 88.0 ± 7.5 (n = 103, mean of three replicates and its standard deviation). The in vitro appressoria and penetration hyphae resemble in vivo ones on onion epidermal strip (Fig. 2c) . Fluorescent staining showed that the infection hyphae had nuclei and the cell wall contained mannan and chitin ( Fig. 2d-k) . Nutrient salt supplementation in the SCL media induced the asexual cycle of M. oryzae (Fig. 3) . When the SCL media contained no other nutrition, the infection hyphae of the fungi ceased growing a few days after inoculation. This observation suggests that the fungi had used up the nutrients originally present in their conidia. When the SCL media contained nutrient salts (Murashige and Skoog salts), the swollen hyphae grew continuously (Fig. 3a) . When the rice blast fungus had colonized the media for approximately 1 week, aerial hyphae emerged from swollen hyphae and three-celled conidia were borne at the apices (Fig. 3b and c) . Furthermore, C. orbiculare also formed swollen hyphae and conidia on the SCL media containing MS salts. However, C. orbiculare formed conidia 1 week after inoculation even on PDA medium.
DISCUSSION
This study showed that the rice blast fungus M. oryzae and cucurbit anthracnose fungus C. orbiculare form appressoria on artificial SCL media and subsequently penetrate into the SCL media from the base of appressoria. The SCL media contain Na-CMC or Na-ALG and the surface are treated with an aqueous solution of FeCl 3 or AlCl 3 . This result indicates that Na-CMC and Na-ALG are cross-linked by the trivalent metal ions. This finding suggests that SCL media induce the two ascomycetous hemibiotrophic fungi to undergo reactions that occur on host plants, although these phytopathogenic fungi are phylogenetically distinct from each other. In particular, the rice blast fungus produced aerial hyphae from submerged swollen hyphae to bear its conidia in SCL media. These events resemble the M. oryzae asexual cycle, in which the rice blast fungus colonizes biotrophically in host tissues, then grows necrotrophically and produces aerial hyphae to bear its conidia. However, in vitro structures on the SCL media are not same as the in vivo structures. For example, in contrast to in vitro penetration hyphae, infection hyphae in living host cells have a distinctive morphological switch from a filamentous primary hypha to bulbous infection hyphae with constrictions (Heath et al. 1990; Kankanala, Czymmek and Valent 2007) . To apply this SCL media to further studies, in vitro and in vivo penetration hyphae should be compared in detail.
The SCL media have a potential for studying penetration process of phytopathogenic fungi. First, the SCL media allow observation of the events that occur during penetration hyphae formation under artificial conditions. In recent years, in vivo investigations of hemibiotrophic fungi have provided new insights by visualizing fluorescent protein (e.g. biotrophy-associated secreted proteins) expression during their biotrophic invasion (Kankanala, Czymmek and Valent 2007; Mosquera et al. 2009; Khang et al. 2010; Giraldo et al. 2013) . A future challenge is to reveal how the in vitro penetration hyphae secrete such proteins. Second, the SCL media can enable comparison of the events occurring during the penetration process under identical artificial conditions. For instance, gene expression patterns during in vitro penetration process can be compared among M. oryzae races that have different host plants. In addition, the SCL media can be used for assaying pesticide effects to phytopathogenic fungi during penetration. The approach based on media that induce appressorium-mediated penetration will be useful to investigate fungal activities during interactions between phytopathogenic fungi and host plants. 
